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Novel hybrid electrocatalysts were developed based on the attachment of pre-formed
capped Pt and PtRu nanoparticles (NPs) on the external surfaces of multi-walled carbon
nanotubes (MWCNTs). MWCNTs chemically functionalized by both covalent and non-
covalent chemical strategies were tested and evaluated as nanotemplates for the disper-
sion and stabilization of NPs. The suitable functionalized MWCNTs derivatives were then
reacted with pre-formed capped Pt and PtRu NPs yielding the final hybrid materials. The
intermediate products as well as the final hybrid materials were characterized in detail
with a combination of experimental techniques including Raman spectroscopy, X-ray
diffraction, scanning and transmission electron microscopy, while comparative studies
regarding their electrocatalytic performance to the oxidation of methanol and ammonia,
and to the reduction of hydrogen peroxide were made by performing cyclic voltammetry
studies. The results revealed the uniform dispersion of very small NPs along the external
surface of functionalized CNTs, while the most suitable electrocatalyst for each particular
application is indicated. The chemical strategy followed for the surface functionalization of
MWCNTs seems to greatly influence the catalytic activity of the resulting hybrids
materials.
Copyright ª 2011, Hydrogen Energy Publications, LLC. Published by Elsevier Ltd. All rights
reserved.1. Introduction materials exhibiting unique physical properties, clearlyCarbon nanotube (CNT) properties such as high specific
surface area, thermal conductivity, and chemical stability,
render them very attractive candidates for use as nano-
templates for the dispersion and stabilization of metal
nanoparticles [1]. Metal nanoparticles (NPs) is a new class of1; fax: þ30 26510 07074.
1; fax: þ30 26510 08796.
.I. Prodromidis), dgourn
2011, Hydrogen Energy Pdifferent from those of the bulk [2,3]. NPs have been
proposed for many potential applications ranging from
magnetism and biomedicine [4] up to cancer therapy [5] and
catalysis [6]. Those properties are closely related to their size
and shape [7e9]. Thus, of particular interest for NP science
and technology are new synthetic strategies to control and,i@cc.uoi.gr (D. Gournis).
ublications, LLC. Published by Elsevier Ltd. All rights reserved.
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combining, the two classes of nano-materials (CNTs and
NPs) novel hybrid materials can be synthesized that
successfully incorporate the properties of the two counter-
components. The formation of CNT-NP hybrids involves
the absorption of NPs mainly to the CNT surface or alter-
natively, in the case of chemically functionalized NPs, their
linkage to suitably functionalized CNTs through organic
fragments. In general, there are two main pathways for the
preparation of CNTNP hybrids [12]. In the first strategy,
pre-formed NPs can be linked to the CNT surface via cova-
lent or weaker bonds. Therefore, the NPs are prepared and
modified with suitable functional groups for the connection
to the functionalized CNT surface. The linkers can be of two
types: either functional groups, which may form covalent
bonds with functional groups present on the CNT surface
[13] or linkers that simply stick to the CNT surface through
weak intermolecular interactions such as pep stacking [14]
and/or electrostatic attractions [15,16]. An alternative
pathway for the formation of CNTNP hybrids, involves the
direct reduction/deposition of the suitable NP precursor to
CNT [17,18].
Pt is one of the most common catalysts in direct meth-
anol fuel cells (DMFCs). However, Pt is easily poisoned by
intermediate species such as CO, which are produced during
methanol oxidation and thus suffers from the degradation of
its catalytic activity [19]. To resolve such problem, Pt-based
alloys such as PtRu, PtOs, and PtRuOs have been proposed,
but since today the bimetallic PteRu alloy has been consid-
ered to be the best candidate for the electrocatalysis of
methanol oxidation reaction and is indeed the state of the
art anode catalyst for DMFC [20,21]. The oxidation of
adsorbed CO is postulated to be the rate-determining step
and Ru is widely accepted as a promoter for the CO oxida-
tion, commonly explained on the basis of the bifunctional
mechanism or the ligand effect [22]. However, improvement
of catalytic activity for the oxidation of methanol is an
essential goal in the development of a practical DMFC with
higher poison tolerance and greater methanol oxidation
activity. CNTs as PtRu supports have generated intense
interest in the fuel cell applications due to their unique
properties and the reports that metal particles supported on
the CNT seem to be less susceptible to CO poisoning than
those deposited onto traditional carbon supports [23e25].
Since today, various methods have been proposed for the
preparation of CNTPtRu and CNTPt hybrids such as
electrodeposition [26e30], nitrogen doping of CNT [31],
microwaves [32,33], hydrothermal synthesis [34] and wet
chemistry techniques [35e44].
Similarly to methanol, the electrocatalytic oxidation of
ammonia in alkaline solutions is an important topic in the
field of environmental chemistry [45], and sensors’ develop-
ment [46]. In addition, ammonia has attractedmuch attention
as a possible fuel for fuel cells, since it is easy to handle and to
transport compared with hydrogen gas [46,47]. The most
widely accepted mechanism for ammonia oxidation was
proposed by Gerischer and Mauerer since 1970 [48] and
according to that, the ammonia molecule, after being adsor-
bed, is dehydrogenated to different adsorbed intermediate
species of the type NHx, where 0  x  2. The final product ofammonia oxidation, nitrogen, is formed by reaction of these
species with OH. While the partially dehydrogenated species
of NH2,ads and NHads are considered as active intermediates
for N2 formation, Nads remains strongly adsorbed on the
surface acting as a poison [49]. A comparative study regarding
the adsorption energy of Nads on various metals has shown
that Pt is the best electrocatalyst [50], while the effect of other
metals such as Ru, Pd, Rh, Ir, as PtMe binary systems on the
electrochemical oxidation of ammonia has also been investi-
gated [51].
Finally, the electrochemical reduction of H2O2 by employ-
ing metal-based catalysts has also attracted much attention,
as H2O2, and more specifically, the enzymatically produced
H2O2 is the basis for the development of a number of elec-
trochemical biosensors based on oxidases [52]. In addition the
electrochemical reduction of hydrogen peroxide is important
in fuel cells as it is an intermediate product in oxygen reduc-
tion reaction especially in the acid media. A plethora of liter-
ature based on nano-sized materials such as CNTs [53], metal
particles [39], porous Au [54] and highly roughened macro-
porous Au/Pt nanoparticles [55] have beenwidely investigated
for their suitability as catalysts and chemical sensors. More-
over, the direct reduction of H2O2 has also been investigated at
silver [56], gold [57], platinum [39], palladium [58] nano-
particles emodified electrodes, alone or in combination with
CNTs [59].
In this work, we developed new chemical strategies for the
attachment of pre-formed Pt and PtRu bimetallic NPs to
chemically functionalized CNT and we evaluated the elec-
trocatalytic properties of the resulting hybrid materials. The
functionalization process debundles CNTs increasing their
available surface area while introducing suitable available
chemical groups (in high density) for the attachment of indi-
vidual finely dispersed Pt and PtRu NPs. In detail, one of the
employed strategies involved the covalent chemical func-
tionalization of multi-walled carbon nanotube (MWCNT),
yielding amino-terminated MWCNT derivatives. Since cata-
lystesupport interactions play a fundamental role in catalysis,
the surface functional groups responsible for anchoring the Pt
and PtRu NPs to the CNT can greatly influence the catalytic
activity of the resulting hybrids materials. An alternative
synthetic approach was also used involving the non-covalent
functionalization of MWCNT and the subsequent attachment
of the Pt and PtRu NPs. The great advantage of this function-
alization treatment is the conservation of MWCNT integrity
and electronic structure, and therefore their electron
conductivity. The synthesized hybrid materials were charac-
terized by transmission and scanning electron microscopy,
Raman spectroscopy and X-Ray diffraction measurements. In
addition, the ability of these newly developed hybrid mate-
rials to serve as electrocatalysts, over a wide pH range, for
compounds of great interest in fuel cells and (bio)chemical
sensors technology was also studied. Comparative cyclic vol-
tammetric studies of Pt and PtRu NPs supported on both
covalently and non-covalently functionalized MWCNTemo-
dified glassy carbon electrodes for the electrooxidation of
methanol at pH <1, electroreduction of hydrogen peroxide at
pH 7, and the electrooxidation of ammonia at pH >13 were
performed and the most suitable electrocatalyst for each
particular application is indicated.
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2.1. Chemicals
Platinum(II) acetylacetonate [Pt(C5H7O2)2], ruthenium(III) ace-
tylacetonate [Ru(C5H7O2)3], diphenylether, 1, 2dodecanediol,
oleylamine, oleic acid, 1pyrenemethylamine hydrochloride
and multi-walled carbon nanotubes (length 0.5e500 mm,
internal diameter 510 nm and external diameter 1030 nm)
were obtained from Aldrich. Thionyl chloride (SOCl2), dime-
thylforamide (DMF) and 1, 6hexamethylenediamine were
purchased by Merck. Methanol, hydrogen peroxide (30% w/w)
and aqueous ammonia (25% w/w) were purchased from
Riedel-de Haen. Double distilled water (DDW) was used
throughout. All other chemicals were of analytical grade from
Merck and Sigma.2.2. Synthesis of capped Pt nanoparticles
Monodispersed Pt capped NPs were prepared by the polyol
synthetic procedure [60]. In detail, diphenylether (20 mL), 1,
2dodecanediol (10 mmol) and oleylamine (5 mmol) were
mixed in a spherical flask (50 mL) and refluxed under
continuous stirring at 140 C for 10 min. Platinum(II) acetyla-
cetonate (1.5 mmoL) and oleic acid (5 mmoL) were added
afterwards in the solution and the temperature was raised up
to 180 C. The reaction took place under these conditions for
3 h and the mixture was then cooled at RT (Fig. 1A). The Pt
capped NPs were precipitated with absolute ethanol (40 mL)Fig. 1 e Schematic representation of the procedures followed for
B) chemical functionalization of MWCNTs and covalent linking
MWCNTs followed by subsequent attachment of NPs.and isolated by centrifugation. The precipitates were washed
several times with ethanol, centrifuged and the final (Pt cap-
ped NPs) precipitate was dispersed with acetone and then
dried at RT.2.3. Synthesis of capped PtRu nanoparticles
Monodispersed PtRu capped NPs were prepared in a similar
way as Pt capped NPS by adding equimolar amounts (1.5
mmoL) of each metal precursor.2.4. Chemical functionalization of carbon nanotubes
MWCNTs were chemically functionalized according to previ-
ously reported chemical routes for covalent [13,61] and non-
covalent functionalization [62]. In brief, for the covalent
functionalization of MWCNTs, pristine nanotubes (100 mg)
were suspended in 80 mL of a concentrated H2SO4/HNO3
mixture (3 : 1) and sonicated for 3 h for the generation of
oxygen-containing functional groups (Fig. 1Bei). The suspen-
sion was then centrifuged and washed six times with DDW
and dried at 50 C in vacuum overnight. The carboxylated
MWCNTs were suspended in a mixture of 50 mL thionyl
chloride and 2 mL DMF and were further refluxed (Fig. 1B-ii).
The acylclorinated MWCNT derivatives were centrifuged,
washed with anhydrous toluene, and dried under high
vacuum. The dry product (w95 mg) was then dispersed in
95 mL CHCl3 and reacted with an excess quantity of 1,
6hexamethylenediamine (191 mg) diluted in 96 mL CHCl3 to
yield the poly-amine terminated MWCNT derivatives (Fig. 1B-the A) synthesis of capped PtRu NPs by the polyol process,
of capped NPs and C) non-covalent functionalization of
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ature and collected as black powder. For the non-covalent
functionalization of the MWCNT, a certain quantity of pris-
tine CNTs (20 mg) was sonicated in an ethanol solution con-
taining 1pyrenemethylamine hydrochloride (20 mg) for 2 h
under nitrogen atmosphere (Fig. 1Cei). Then, the mixture was
stirred overnight and the final amino derivatives of the
MWCNTwere isolated from the solution by centrifugation and
washed with ethanol.
2.5. Preparation of MWCNTPt and MWCNTPtRu
hybrids
Covalently functionalized CNT (CFCNT) and non-covalently
functionalized CNT (NCFCNT) were further functionalized
with each of Pt and PtRu capped NPs thus occurring four
novel hybrid materials: CFCNT/Pt, CFCNT/PtRu, NCFCNT/
Pt and NCFCNT/PtRu. In brief, a certain amount of Pt and
PtRu capped NPs was dissolved in diphenylether and added to
a dispersion of CFCNT and NCFCNT in diphenylether so as
the weight ratio of NPs to MWCNTs to be 10 (CFCNT/Pt), 5
(CFCNT/PtRu) and 3 (NCFCNT/Pt and NCFCNT/PtRu). The
mixture was sonicated and left under stirring for several days.
The synthesized hybrids for each occasion (Fig. 1B-iv and C-ii)
were separated by centrifugation, washed several times with
pure ethanol and dried under vacuum at room temperature.
2.6. Characterization studies
Transmission electron micrographs were obtained using
a JEOL JEM-2010F microscope (operating at 200 kV) equipped
with an EDAX detector. For the preparation of TEM samples
a drop of the corresponding solution in hexane was deposited
onto a holey-carbon grid and left to evaporate. Scanning
electron images were recorded using a JEOL JSM-5600V scan-
ning electron microscope. All images are typical and repre-
sentative of the samples under observation. Raman spectra
were recorded with a Micro-Raman system RM 1000
RENISHAWusing a laser excitation line at 532 nm (Nd-YAG) in
the range of 1000e2400 cm1. A 0.5e1mW laser was usedwith
1 mm focus spot in order to avoid photodecomposition of the
samples. Xray powder diffraction data were collected on
a D8 Advance Bruker diffractometer using CuKa radiation
and a secondary beamgraphitemonochromator. The patterns
were recorded in the 2theta (2q) range from 20 to 90, with
steps of 0.02 and a counting time of 2 s per step.
2.7. Electrochemical studies
All electrochemical measurements were conducted with the
electrochemical analyzer PGSTAT12 (Metrohm Autolab) at
room temperature. Cyclic voltammetric experiments were
performed in a 3-electrode cell. Modified or bare glassy carbon
(GC) electrodes (3 mm diameter, IJ Cambria) and a platinum
wire were served as the working and auxiliary electrodes,
respectively. The reference electrodewas a Ag/AgCl/3MKCl (IJ
Cambria) electrode and all potentials reported hereafter refer
to the potential of this electrode. The flow injection experi-
ments were carried out, by using an in-house fully automated
flow injection manifold. The carrier stream (0.2 M phosphatebuffer, pH 7 in 1 M KCl) was pumped through using a 4-
channel peristaltic pump (Gilson) and standard solutions of
H2O2 were introduced as short pulses of 130 mL via a pneu-
matically actuated injection valve (Rheodyne). The working
electrode (bare or Pt NPs or CFCNT/Pt modified GC elec-
trodes) was mounted in a 3-electrode wall-jet cell (volume
<1 ml) consisting of a built-in gold auxiliary electrode and a Ag/
AgCl/3 M KCl reference electrode.
2.8. Preparation of the modified electrodes
Suspensions of 0.5 mgmL1 PtRu NPs, CFCNT/Pt or CFCNT/
PtRu and 1.0 mg mL1 NCFCNT/Pt or NCFCNT/PtRu, were
prepared bymixing the appropriate amount of the catalysts in
THF. After sonication for 10 min, suspensions were vigorously
stirred for 48 h before use. Prior to the modification, GC elec-
trodes were polished with aluminum oxide (0.01 mm), rinsed
thoroughly with DDW, sonicated for 1 min in DDW, rinsed
with DDW and dried under Ar. Modification of the GC elec-
trodes was achieved by dropping 10 mL of PtRu NPs, CFCNT/
Pt, CFCNT/PtRu,NCFCNT/Pt orNCFCNT/PtRu suspensions
over the active surface and left the solvent to evaporate
overnight.3. Results and discussion
3.1. Characterization studies
Transmission electron microscopy (TEM) images show the
successful attachment of PtRu nanoparticles to the surface of
the chemically functionalized carbon nanotubes and in addi-
tion provide information about their size and state of disper-
sion. In detail, lower magnification TEM images of CFCNT/
PtRu hybrids (Fig. 2AeB) reveal the homogeneous dispersion
of uniform sized PtRu NPs along the covalently functionalized
MWCNT with relatively high particle density and without the
formation of any noticeable aggregates. Higher resolution
TEM images (Fig. 2C), further confirmed the successful deco-
ration of nanotubes with PtRu NPs. Based on several different
TEM images, the average size of the highly dispersed PtRu NPs
was estimated about 2.5 nm. The characteristic (111) and (200)
planes, as will be shown below likely originating from the
face-centered cubic (fcc) crystal structure of the platinum
phase, were also resolved (Fig. 2C). Moreover, the presence of
hollow MWCNTs (of about 35 nm outer diameter) among the
final hybrid materials, suggests that the nanotubes remain
relative intact after oxidation and chemical functionalization,
surviving the acid treatment without showing any significant
damage to their tubular graphitic structure. A more repre-
sentative image of the nanotubes after acid treatment and 1,
6hexamethylenediamine functionalization steps is given
with the low magnification SEM image in Fig. 2D. Similar
images were taken for the non-covalently functionalized CNT
(Fig. 2E) as well.
The reflections originating from the CF-CNT/Pt and CF-
CNT/PtRu hybrids were also recorded in X-Ray diffraction
patterns (Fig. 3A). In detail, the main diffraction peaks of the
CFCNT/Pt hybrid (Fig. 3Aii) at 2qz 39.5, 46.3 and 67.4 can
be assigned respectively to the (111), (200) and (220) crystalline
Fig. 2 e (AeB) Low and (C) high magnification TEM images of CFLCNT/PtRu hybrids; SEM images of (D) 1,
6Lhexamethylenediamine functionalized CNT and (E) NCFLCNT/PtRu.
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the mean crystallite size of the attached Pt particles was
estimated about 3.1 nm, a value very similar to the corre-
sponding value found for the free Pt NPs (Fig. 3Ai) used for the
synthesis of the CFCNT/Pt hybrids. Analogous diffraction
peaks were recorded in the case of the CFCNT/PtRu hybrid
materials. The “absence” of diffraction peaks typical for Ru
can be due to a number of reasons such as Ru being dissolved
into the Pt lattice, i.e. a PtRu alloy is formed thatmaintains the
fcc Pt structure. This is very likely, because the PteRu phase
diagram shows excellent solubility of Ru of more than 50% in
Pt in the solid phase [63]. Another, less likely, reason can be
that Ru is present in the amorphous form [64]. It is interesting
to note that the “absence” of the Ru (101) plane (which
represents the most intense reflection of the hexagonal Ru
pattern) from the XRD patterns, is reported in several previ-
ously cases of successfully synthesized PtRu NPs [22,65,66].
Moreover, additional EDS measurements (not discussed here
in detail) for both NCF and CFMWCNT/PtRu samples,
revealed the presence of Ru in both types of final hybrid
materials with the identical value of % atomically ratio (1:4 in
particular) compared with Pt. Therefore, it is most likely that
the NPs are composed of an PtRu alloy that has the same fcc
structure as pure Pt.
In addition, a broadening of the reflection peaks followed
by a decrement of their intensity was observed in the case of
the CFCNT/PtRu hybrids (Fig. 3Aiv) due to the smaller crys-
tallite size of the synthesized PtRu NPs (Fig. 3Aiii) that were
used for their synthesis. Indeed, using the Scherrer equation,
the mean crystallite size of the PtRu particles was estimated
about 2.3 nm, a value considerably lower than thecorresponding value of the Pt NPs used for the synthesis of
CFCNT/Pt hybrids. Notably, the estimated crystallite size of
the PtRu NPs is in agreement with corresponding particle size
as emerged from the previously described TEMmeasurements
(cf. Fig. 2). Similar findings were observed in the case of the
hybrids synthesized using non-covalently functionalized
CNT. As in the case of amino functionalized CNT, based on the
XRD patterns of the final synthesized hybrids, Pt and PtRu
particles with corresponding estimated sizes of 2.3 and 3 nm
were found among the final hybrid materials. Moreover, the
characteristic diffraction peak at 2q z 26, originating from
the 002 graphitic reflection of MWCNT (Fig. 3Bii and Biii), was
clearly recorded in the patterns of both MWCNTs final
hybrids. The appearance of this characteristic diffraction peak
could be due to the lower functionalization degree that took
place in the case of the 1pyrenemethylamine resulting in
lower debundling of the MWCNT network and thus at lower
coverage of the functionalized MWCNT with Pt or PtRu NPs.
This hypothesis is supported by the fact that non-covalent
functionalization strategies result in the introduction of
fewer chemical functional groups at the surface of CNT
compared to covalent methods.
Raman measurements further confirmed the existence of
MWCNT in the final hybrids and provided additional infor-
mation regarding their electronic state. Among other peaks,
the two peaks characteristic for MWCNT [67] were recorded in
all Raman spectra of the various MWCNT derivatives and final
hybrids. In detail, the G (graphite) band at 1595 cm1 corre-
sponds to the Raman-active E2g mode of graphite due to sp
2-
hybridized carbons, while the D (defect) band at 1314 cm1 is
attributed to either sp3-hybridized carbons or to structural
















































Fig. 3 e XRD patterns of (A) free Pt NPs (i), CFLCNT/Pt hybrids (ii), free PtRu NPs (iii), CFLCNT/PtRu hybrids (iv), and (B) Pt NPs
(i), NCFLCNT/Pt hybrids (ii), free PtRu NPs (iii) and NCFLCNT/PtRu hybrids (iv).
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Raman spectrum of the pristine MWCNT (Fig. 4Ai), the
calculated value of the relative intensity ratio of the D to G
band (ID/IG) was found relative high (0.96), indicating that the
starting MWCNT already contain a high defect concentration
and/or high non-CNT graphitic impurities. In the case of the
covalently functionalized MWCNT (Fig. 4Aii), the spectrum is
slightly different from the pristine nanotubes, exhibiting only
a small, if any, decrement in the ID/IG ratio in the case of the
final MWCNT derivative (0.95). This behavior is not unusual
for covalently functionalized MWCNT [68] since the func-
tionalization does not bring any dramatic increment of the sp3
carbons because it takes place solely on the outer graphene
layer [69]. Similar results were found in the case of the non-
covalently functionalized MWCNT derivative (Fig. 4Aiii). In
their case, although a broading of mainly G-band was recor-
ded, the corresponding value of the relative ID/IG ratio (0.97)
remained practically intact compared to the starting nano-
tubes due to the p-p interactions of the pyrenemethylamine
with only the outer graphene layer of the nanotubes, resulting
into a minor distortion of the nanotube electronic structure.
The presence of both characteristic graphitic bands in theA
Fig. 4 e Raman spectra of (A) pristine MWCNT (i), covalently fun
MWCNT (iii) and (B) of CFLCNT/Pt (i), CFLCNT/PtRu (ii), NCFLCspectra of all final hybrids (Fig. 4B) without any additional
striking changes in the value of their relative ID/IG ratios,
further confirm the presence of MWCNT among themwithout
any additional, significant changes in their electronic struc-
ture compared to their corresponding functionalized deriva-
tives. In detail, in the case of CFCNT/PtRu and CFCNT/Pt
hybrids the value of the relative intensity ratios was found
0.97 and 0.96, respectively (Fig. 4Bi, Bii). In the case of the non-
covalently functionalized nanotubes, the values of the
NCFCNT/PtRu and NCFCNT/Pt hybrids were found 0.97 and
0.98, respectively (Fig. 4Biii, Biv).
3.2. Assessment of the electrocatalytic performance
The electrocatalytic performance of the newly synthesized
hybrids materials was evaluated with cyclic voltammetry
studies of properly modified glassy carbon (GC) electrodes
using methanol, hydrogen peroxide and ammonia as tested
analytes. In addition, the analytical utility of the best per-
forming hybrid catalyst of the electroreduction of hydrogen
peroxide was further tested with amperometric flow injection
analysis measurements.B
ctionalized MWCNT (ii) non-covalently functionalized
NT/Pt (iii) and NCFLCNT/PtRu (iv).
Table 1e Comparative performance of GC electrodes after
the modification of the electrode surface with different
concentrations of PtRu NPs and CFLCNT/PtRu in THF.
Values refer to the catalytic currents, Icat, for the
electroreduction of H2O2, corrected for the background
signal (Ib, in the absence of H2O2), at 0.0 V in the presence
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different media in order to conclude the optimum dispersing
agent for the modification of the electrodes. The parameters
that have been taken into account include i) the life-time of
the suspension, ii) the surface tension of the suspension onto
the surface of the electrode, iii) the evaporation rate of the
solvent, iv) the storage stability of the modification suspen-
sion and v) the sensitivity of the resulting sensors. As
a measure the height of the electrocatalytic current at 0.0 V in
the presence of 20 mM H2O2 was taken and comparative
experiments were performed with CFCNT/PtRu catalyst in
a concentration of 1 mg per mL solvent. As can be seen in
Fig. 5, best results were obtained for THF and THF/formic acid
mixtures. Due to the limited storage stability of THF/formic
acid mixtures, THF was selected for further experiments.
3.2.1. Electrocatalytic reduction of hydrogen peroxide
The values of the catalytic current, Icat, for the electro-
reduction of H2O2, corrected for the background signal (Ib, in
the absence of H2O2), which are tabulated in Table 1 show that
both PtRu NPs and CFCNT/PtRumodified electrodes
exhibit optimum performance at a concentration of 0.5 mg/
mL of the modifier, and more interestingly, that the CNT
supported catalysts provide an almost 50% higher catalytic
activity, even though the amount (% atom) of the nano-
particles in CFCNT/PtRu hybrid material is roughly 10%,
according to the EDS data. According to similar optimization
studies (data not shown), CFCNT/Pt and both the NCF-based
materials showed an optimum performance at a deposition
concentration of 0.5 mg mL1 and 1.0 mg mL1, respectively.
At the optimum concentration for each material,
a comparative CV studywas obtained, as is illustrated in Fig. 6.
The pattern of the CV-grams is indicative of the ability of all of
the tested hybrid materials to catalyze the electroreduction ofFig. 5 e Comparative performance of GC electrodes after the
modification of the electrode surface with 1 mg/mL
CFLCNT/PtRu in different dispersingmedia. Bars represent
the height of the electrocatalytic currents obtained at 0.0 V
in the presence of 20 mMH2O2 in 0.2 M phosphate buffer in
1 M KCl, pH 7. BMIM[PF6], 1-butyl-3-methylimidazolium
hexafluoroborate ionic liquid; PEG, polyethylene glycol.hydrogen peroxide, while in terms of sensitivity (maximum
peak height at the potential range from 0.1 to 0.2 V), the
tested catalysts can be classified as: CFCNT/
PtRu > NCFCNT/PtRu > CFCNT/Pt > NCFCNT/Pt. An
important conclusion of this classification is that the hetero-
geneous catalysts containing the bimetallic catalyst PtRu
found to be the most effective, thus indicating the contribu-
tion of Ru to the electroreduction of hydrogen peroxide.
Another issue of great analytical importance is theworking
stability (reusability of the catalyst and adhesion of the hybrid
material on the surface of the electrode) of the CFCNT/PtRu
modified GC electrodes. Working under flow conditions, the
proposed sensors showed a remarkable stability for at least 45
successive injections of 0.1 mM H2O2. As can be seen in Fig. 7,
PtRuNPsmodified GC electrodes showed an excellent working
stability as well, while the benefit from the presence of PtRu
NPs alone or in combination with MWCNTs regarding the
electroreduction of H2O2 is also obvious. The performance of
CFCNT/PtRu modified GC electrodes at different concentra-
tions of H2O2 is illustrated at the FIA-grams in Fig. 7B. Based on
this data and for a signal-to-noise ratio of 3, the limit ofFig. 6 e Comparative CV-grams of the proposed GC
electrodes in the absence (blank) and in the presence of
20 mM H2O2 in 0.2 M phosphate buffer in 1 M KCl, pH 7.
Scan rate 100 mV/s.
Fig. 7 e FIA-grams of (A) 1 3 10L4 M H2O2 in 0.2 M
phosphate buffer in 1 M KCl, pH 7 using a CFLCNT/PtRu-
modified (olive line, 1L23 scans; blue line, 24L46 scans),
PtRu NPsLmodified (red) and bare (black) GC electrode. (B)
Response of the CFLCNT/PtRu-modified GC electrode at
different concentrations of H2O2. Applied potential 0.1 V.
(For interpretation of the references to colour in this figure
legend, the reader is referred to the web version of this
article.)
i n t e rn a t i o n a l j o u r n a l o f h y d r o g e n en e r g y 3 7 ( 2 0 1 2 ) 1 2 4 3e1 2 5 31250detection of the method was found to be 8 mM H2O2, which is
adequate for most of the biosensors based applications.
3.2.2. Electrocatalytic oxidation of ammonia
The ability of the proposed hybrid materials to catalyze the
electrooxidation of ammonia in strong alkaline solution (0.2 M
NaOH)was also investigatedwith cyclic voltammetric studies.
According to the comparative CV-grams, which are illustratedFig. 8 e Comparative CV-grams of ammonia oxidation on
the tested hybrid materials modified GC electrodes. Test
solution 0.5 M NH3 in 0.2 M NaOH. Scan rate 20 mV/s.in Fig. 8, and taking as criterion the height of the peak current
observed for each hybrid material, the tested catalysts can be
classified as: NCFCNT/Pt > NCFCNT/PtRu > CFCNT/
Pt> CFCNT/PtRu. In all the cases, the starting potential of the
electrooxidation of NH3 was observed at near0.38 V, while in
both CF and NCFcatalysts the presence of Ru caused
a decrease of the observed electrocatalytic signal, in accor-
dance to previous studies [49]. An interesting finding of this
comparative study, which deserves further investigation, is
the superior behavior of the NCFcatalysts over the acid-
treated ones.
3.2.3. Electrocatalytic oxidation of methanol
The ability of the proposed hybrid materials to catalyze the
electrooxidation of methanol in strong acidic solution (0.5 M
H2SO4) was also investigatedwith cyclic voltammetric studies.
A common observation in all the CV studies was the
progressive increase of the anodic current alongwith a shift of
the peak potential during the first 2030 cycles. Beyond
a certain scan number, which was different for each material
and, sometimes, among different electrodes of the same
material, a number of steady scans were recorded (about
10e20 scans), and then a progressive decrease of the anodic
current was observed, suggesting that the catalysts become
more poisoned as the electrode is cycled. Each CV-gram (Fig. 9)
exhibited two peaks, one during the forward scan (to positive
potential values), attributable to the oxidation of methanol,
and one peak during the reverse scan (to negative potential
values), associated with the removal of carbonaceous species
not completely oxidized in the forward scan [70e72]. The ratio
of the forward anodic peak current (If) to the reverse anodicFig. 9 e Comparative CV-grams of methanol oxidation on
the tested hybrid materials modified GC electrodes. Black
line, PtLmodified catalysts; Red line PtRuLmodified
catalysts. Test solution 1 M CH3OH in 0.5 M H2SO4. Scan
rate 20 mV/s. (For interpretation of the references to colour
in this figure legend, the reader is referred to the web
version of this article.)
Table 2 e The ratio of the forward anodic peak current (If)
to the reverse anodic peak current (Ib), If/Ib, as it is
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tolerance to carbonaceous species accumulation. A higher
ratio indicates more effective removal of the poisoning
species on the electrode surface [70,72]. This was indeed the
case for both CF and NCFbased hybrid materials modified
with the bimetallic PtRu NPs. According to previous studies
[49,73,74] ruthenium dissociates water and the so produced
adsorbed OH species react with adsorbed CO (poisoning
species) to generate CO2 (the final product of the electro-
oxidation of methanol). According to other studies, the elec-
tronic properties of platinum are modified by PteRu orbital
overlaps so that the binding strength of CO adsorbed on Pt is
weakened, thus improving the overall electrocatalytic activity
for the oxidation of methanol [75]. Finally, based on the If/Ib
index (Table 2), CFCNT/PtRu catalyst is more efficient than
NCFCNT/PtRu. These findings are in agreement with Her-
na´ndez-Ferna´ndez et al. [40] who demonstrated that in
MWCNT-supported PtRu catalysts, the oxygen-containing
groups play a beneficial role on the overall electrooxidation
of methanol.4. Conclusions
Functionalized MWCNTs were used as nanotemplates for the
dispersion and stabilization of Pt and PtRu nanoparticles. Pre-
formed monodispersed capped Pt and PtRu nanoparticles
were attached to either covalently or non-covalently func-
tionalizedMWCNTs. The functionalization strategy showed to
influence not only the chemical nature/morphology of the
surfaces of nanotubes but also the electrocatalytic properties
of the resulting hybrid materials. TEM images revealed the
homogeneous dispersion of uniform sized NPs along the two
types of functionalized MWCNT with relatively high particle
density and without the formation of any noticeable aggre-
gates while, in conjunction XRD measurements, were used to
estimate the crystal structure and the mean size of the
attached Pt and PtRu nanoparticles. Moreover, TEM and
Raman measurements confirmed that the nanotubes remain
relatively intact after chemical functionalization without
showing any significant damage to their tubular graphitic
structure.
The proposed hybrid materials form relatively stable
suspensions in THF from which, using a simple solvent
evaporation procedure, GC electrodes were properly modified
to act as active surfaces for the electrochemical reduction of
hydrogen peroxide and the electrochemical oxidation of
ammonia and methanol. Regarding the electrochemical
reduction of hydrogen peroxide the tested catalysts can beclassified as: CFCNT/PtRu > NCFCNT/PtRu > CFCNT/
Pt>NCFCNT/Pt. The heterogeneous catalysts containing the
bimetallic catalyst PtRu were found to be the most effective,
while the CNT supported catalysts perform an almost 50%
higher catalytic activity compared with that observed for
unsupported NPs. Concerning the electrochemical oxidation
of ammonia the tested catalysts can be classified as:
NCFCNT/Pt > NCFCNT/PtRu > CFCNT/Pt > CFCNT/PtRu,
while NCFcatalysts exhibited a superior behavior over the
acid-treated ones. Finally, the electrochemical oxidation of
methanol both CF andNCFbased hybridmaterialsmodified
with the bimetallic PtRu NPs found to be more effective in the
removal of intermediate poising species, while based on the If/
Ib index, CFCNT/PtRu catalyst turned out more efficient than
NCFCNT/PtRu.
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